Laser Doppler Electrophoresis applied to colloids and surfaces  by Tucker, I.M. et al.
Current Opinion in Colloid & Interface Science 20 (2015) 215–226
Contents lists available at ScienceDirect
Current Opinion in Colloid & Interface Science
j ourna l homepage: www.e lsev ie r .com/ locate /coc isLaser Doppler Electrophoresis applied to colloids and surfacesI.M. Tucker a,⁎, J.C.W. Corbett b, J. Fatkin b, R.O. Jack b, M. Kaszuba b, B. MacCreath b, F. McNeil-Watson b
a Unilever Research & Development Port Sunlight, Quarry Rd East, Bebington, Wirral CH63 3JW, UK
b Malvern Instruments Ltd., Grovewood Road, Malvern, Worcestershire WR14 1XZ, UK⁎ Corresponding author. Tel.: +44 0151 641 1784; fax:
E-mail address: ian.tucker@unilever.com (I.M. Tucker)
http://dx.doi.org/10.1016/j.cocis.2015.07.001
1359-0294/© 2015 Published by Elsevier Ltd.a b s t r a c ta r t i c l e i n f oArticle history:
Received 2 June 2015
Received in revised form 10 July 2015
Accepted 11 July 2015
Available online 26 July 2015
Keywords:
Laser
Doppler
Electrophoresis
Colloid
Mobility
Zeta potential
Surface
Scattering
Emulsion
Medical
AcoustophoresisThe colloidal state is often taken for granted and yet it surrounds us in both home and in the workplace. Coating
technologies, drug delivery systems, cleaning and personal care formulations all rely on discrete well controlled
physical properties at several distance scales in order to derive the desired product performance, and are reliant
on an in-depth knowledge of the surface of interest. Techniques such as dynamic light scattering and Laser
Doppler Electrophoresis are readily available to the experimenter who can perform a measurement without
the need for in-depth knowledge of the technique and isﬁnding ever-increasing applications. Although the actual
means of determining mobility using LDE has not changed much, these are exciting times in that good instru-
mentation and sample environment, together with high quality method development all combine in a robust
platform enabling new science and stronger engagement with industry. In this review, we report on the current
state of the application of LDE, both in standard and advanced formats. There is the alliance of LDE and neutron
scattering to study polymer surfactant interactions, advances in the measurement of protein electrokinetics,
novel approaches to the study of surface zeta potential, and progress towards measurements in high concentra-
tion dispersions are all reported and discussed. We also report on recent advances where industrial applications
in-line have resulted in cost savings and reduced environmental impact. It is our observation that industrial and
academic users are asking questions which require the fundamentals of the instrumentation and its capabilities
and limits to be better communicated and understood, and this has resulted in a doubling of the number of pub-
lications featuring LDE to ~1300 over the last several years. Particular areas of growth are biomedical, drug deliv-
ery, fast moving consumer goods, engineered nanoparticles, toners and printing technology.
© 2015 Published by Elsevier Ltd.1. Introduction
The colloidal state is often taken for granted and yet it surrounds us
in both home and in the workplace. Coating technologies, drug delivery
systems, cleaning and personal care formulations all rely on discrete
well controlled physical properties at several distance scales in order
to derive the desired product performance. Techniques such as dynamic
light scattering (DLS) [1] and Laser Doppler Electrophoresis (LDE) [2]
are available in many laboratories and are used in quality control and
production environments routinely to the point where the underpin-
ning science is easily overlooked, that is, until something goes wrong.
The advent of modern equipment such as the Brookhaven Nanobrook
series [3] and Malvern Zetasizer Nano series [4] instruments, both of
which have “Microsoft style” graphical user interfaces, renders these in-
struments readily available to the experimental scientist be they chem-
ist, physicist or biologist without any need to understand either the+44 0151 641 1800.
.physics of the instrumentation nor the precise physical chemical condi-
tions required to achieve a decent result. Modern instrumentation is
quick, convenient and reliable, therefore these instruments are also
present in many R&D and QC organisations where the focus is more
on product quality and material consistency rather than obtaining fun-
damental understanding of the colloids or surfaces under investigation.
However, with a little thought and understanding, both DLS and LDE
techniques can be used as a powerful means of advancing knowledge
and developing new technologies. It is the aim of this review article to
cast thesemethods, particularly LDE, colloquially termed “zeta potential
measurement” in amore suitable light, demonstrating both the applica-
tion of the technique in “standard manner” and also highlighting ad-
vances and exciting developments in the area in order to encourage
their use as part of the research methods portfolio as well as extending
their application outside of the laboratory.
1.1. Background
Themeasurement of electrophoretic mobility relies on being able to
determine the velocity of a charged particle moving under an applied
external electric ﬁeld. A full description may be found in references
[1–4] and only the minimal basis on which the technique is founded is
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Fig. 1. The variation in emulsion hydrodynamic diameter with addition of surfactant, SDS,
via the water continuous phase. The free micelle CMC is 11.6 mM under these circum-
stances [8].
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Fig. 2. The variation in SDS adsorption and surface charge density with solution composi-
tion surface charge density.
Reproduced from data in reference [8] with permission.
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lated by the Henry equation, i.e.
UE ¼ 2εζF κað Þ3η ð1Þ
where UE is the mobility, ζ is the zeta potential, η is the viscosity of
the ﬂuid, F(κa) is the Henry function and κ is the inverse of the Debye
screening length. Depending on the size of the colloid and the
supporting electrolyte conditions the prefactor, F(κa), of either 1.0 or
1.5 applies depending on the size of the particle and the solution elec-
trolyte conditions (as these govern the Inverse Debye screening length,
κ). Under phase analysis light scattering the frequency shift associated
with the electrophoretic motion is derived from Fourier transform of
the transient Moiré fringe, that is;
Δv ¼ 2Ue
sin θ

2
 
λ
ð2Þ
and this is the basis of LDE.
2. Highlights of LDE application
2.1. Examples of applications in scattering
In the area of neutron scattering, studies of surfactant adsorption at
interfaces have progressed from themodel hydrophobic air liquid inter-
face to surfaces which are closer to real life. In particular two groups
have independently pioneered the study of adsorption at the oil water
interface, one using neutron reﬂectivity and the other using contrast
variation combined with small angle scattering (SANS). In the former
case, Zarbakhsh et al. have developed an approach using spun coated
thin hexadecane layers cast onto a prepared silicon single crystal and
then arranged a modiﬁed liquid solid neutron reﬂectivity approach
[5]. Surfactant adsorbs onto the thin oil ﬁlm from the aqueous solution
which is in intimate contact with the oil. In this work Zarbakhsh has
remarked that the different interfaces have slightly different properties
and that the buried oil water interface has a different structure to that at
the external surface in contact with the aqueous solution [6]. In contrast
Staples, Penfold & Tucker have devised an approach using an emulsion
where the oil emulsion core is neutron refractive index matched to
the solvent [7]. The scattering then only arises from the hydrogenous
shell of the surfactant which is adsorbed at the emulsion oil water inter-
face. By careful choice of phase volume and control of the particle size
being careful tominimise polydispersity, and be below theminimum
Q vector of the SANS experiment, sufﬁcient surface area can be gen-
erated to render the experiment viable with around 0.4 m2 of surface
available for adsorption. It is here that the techniques of dynamic
light scattering and Laser Doppler Electrophoresis ﬁnd a role. Firstly
in the experiment, the concentration of emulsiﬁer, SDS, was varied
from 1.2 mM up to 18 mM and beyond in order to determine the
point at which free micelles coexisted with the emulsion droplets.
Over this concentration range it was important to ensure that the
emulsion particle size distribution and polydispersity remained invari-
ant. The data in Fig. 1 below conﬁrm that the hydrodynamic radius of
the emulsion remains invariant over the range of SDS concentrations
studied [8]. At the time of the original article the measurement of zeta
potential was less straightforward than it is nowadays, and conse-
quently it is only recently that a comparison between the adsorbed
amount of surfactant and the variation in surface charge density has
been made.
Fig. 2 shows that the surface charge density, calculated using a
Gouy–Chapman approach using the experimentally derived Zeta poten-
tial values mirrors the surfactant adsorbed amount. Although this is in
one sense intuitive this work serves to exemplify how surfactantstabilised emulsions can be manipulated whilst still maintaining sufﬁ-
cient surface charge so as to preserve colloidal stability.
Furthermore in a subsequent study involving the competitive
adsorption of oppositely charged polyelectrolyte and surfactant at the
oil water interface, Tucker et al. were able to determine the adsorption
of the polymer at this interface and also the aggregation state of the
emulsion particles where bridging took place between polymer and
adjacent particles. They observed that the zeta potential measurements
were very sensitive to changes in polymer adsorption, whilst the SANS
revealed that the adsorbed amount of SDS remained invariant [8].
Recently this approach has been used to study the adsorption of novel
polysorbate surfactants at the oil water interface [9] where control of
surface charge was used as a criteria to create a stable emulsion where
the surface was in part covered by an “invisible (deuterium labelled)
SDS” surfactant at a trivial level as far as the surface was concerned
but a non-trivial level in terms of the surface speciﬁc charge which pro-
vided the physical stability of the base emulsion.With a full description
of the counter-ion activity this approach may enable electrochemical
approaches to studying surfactant adsorption at interfaces other than
those requiring ion-selective electrodes [10].
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The study of proteins at interfaces is another important area for LDE
approaches. Campana et al. have recently reported on the conforma-
tional changes of BSA adsorbed at a planar oil water interface [11]. In
this work the adsorption isotherm was determined at the isoelectric
point and it was shown that a higher degree of adsorption could be
achieved at the more hydrophobic interface, where the adsorbed BSA
molecules formed a monolayer on the aqueous side of the interface.
Analysis of the structure of the adsorbed layer revealed that the
adsorbed protein molecules were partially denatured by the presence
of oil and once released from the spatial constraint by the globular
framework they were free to establish more favourable interactions
with the hydrophobic medium. Thus a loose layer extending towards
the oil phase was clearly observed, resulting in an overall broader inter-
face. The a priori requirement was of course a knowledge of the isoelec-
tric point of the BSA under these solution conditions which was
determined using LDE.
Protein adsorption is a complex process as the amphiphilic nature of
certain proteins is critical on their secondary structure and charge state.
The charge state of proteins in solution is very important and can be
measured using a variety of methods such as capillary zone electropho-
resis [12], membrane conﬁned steady-state electrophoresis [13], the
Tiselius approach [14] and electrophoretic light scattering [15]. Protein
mobility measurements by Laser Doppler-Electrophoresis (LDE) can
on occasions become complicated due to, amongst other phenomena,
the creation of aggregates at the electrodes, which migrate into the
light-scattering detection volume [16]. The mobility of proteins and
their aggregates have been shown to be signiﬁcantly different [16],
which highlights the importance of preventing their creation and/or de-
tecting their presence. Furthermore, the volumes typically associated
with LDE, which are of the orders of 1–10 ml are problematic in high
sample cost applications. Recently Corbett et al. have reported on a
novel application of a salt bridge tominimise damage to proteins during
zeta potential measurements, referred to as the “diffusion barrier tech-
nique” [17]. The diffusion barrier method introduces a tiny sample vol-
ume (~b20 μl) into a larger volume, including the electrodes, preﬁlled
with buffer only. The sample is then measured whilst it is isolated spa-
tially from the electrode surface but whilst maintaining electrical con-
tact with it. The combination of hindered diffusion coupled with the
length of the “U” tube associated with a folded capillary cell conﬁne
the protein to a region where it cannot contact the electrodes during
the lifetime of the experiment. This is critical as denatured proteinFig. 3. (a). Photograph showing the location of the protein solution in the folded capillary cell. T
ence between measurements obtained with protein solution in contact with the electrodes (ﬁ
Reproduced from reference [17] with permission.(through contact with the electrodes) has a differentmobility to the na-
tive material, and as the electrolyte bridges between the electrodes and
the protein in solution electrical contact is maintained without the an-
odic action [17].
As example, 10 mg/ml lysozyme was prepared in 10 mM and
100 mM NaCl at pH 6.0 where the wall charge of the polycarbonate
cell is expected to be ~−80 mV [18]. This fast diffusing sample in a
very high wall charge sample cell is then a stringent test of the tech-
nique. The samples in this section were tested to destruction in order
to conﬁrm the improved sample lifetime achievable using this approach
and consequential improvement in result quality. The diffusion barrier
affords approximately three to four times as many measurements
prior to the onset of protein aggregation, visible by the presence of
large aggregates forming in solution [16,17]. In comparison the RMS
error on the measurement was reduced from 17% to a respectable 7%.
The reduction in the uncertainty in the mean for the diffusion barrier-
ﬁlled case is obvious from Fig. 3b and hence no loss of sensitivity is asso-
ciated with the technique. The other observation under these circum-
stances is that there is only a minor reduction in count rate of around
10 to 15% which, when combined with the increase in precision of the
mobility suggests that this approach may lend to studies of proteins
which exhibit concentration-dependent aggregation. Furthermore the
higher electrolyte concentration rendered anodic protein degradation
to negligible levels and, following an extended course of zeta potential
measurements, DLS on the recovered protein sample conﬁrmed no
change in hydrodynamic diameter due to the process. In addition, the
compact format of the folded capillary cell has enabled useful measure-
ments concerning protein conformation over the temperature range 15
to 75 °C, and on BSA the recorded mobility values (below the aggrega-
tion point) were found to be in good agreement with those obtained
using both capillary and free-ﬂow electrophoresis [19,20].
This is an important advance in themeasurement of Protein Electro-
kinetic properties. The use of the diffusion barrier allows the measure-
ment of electrophoretic mobility of proteins and other soft samples
without aggregation at the electrode surface in volumes of b20–50 μl
typically associated with separation techniques, up to 75 °C and up
to 2 M inert electrolyte and at protein concentrations as low as
0.5 mg/ml (at a size of 14.7 kDa). For comparison in colloidal disper-
sions, measurements are viable in very high electrolyte concentra-
tions up to and including 4 M KCl [21]. This technique is increasing
in popularity as previously closed applications, most commonly due to
low volume requirements but also fragile particles or high conductivity
media, are opened up to study using LDE.he protein has been coloured with methylene blue dye to aid visualisation. (b) The differ-
lled circles) and those obtained with a Barrier method (open circles).
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The measurement of charge on a surface is also a vital but often
overlooked part of the design of coatings, paints, medical treatments &
devices, and adhesives. Traditionally this is the role of streaming poten-
tial methods. There are a variety of techniques used for the measure-
ment of surface zeta potential including streaming potential [22–25]
whereby the streaming current or potential is measured as electrolyte
ﬂows past the surface under test, capillary ﬂow [24,26–28] where bulk
electro-osmotic ﬂow through a capillary is measured under an external
applied ﬁeld and comparisonswith dispersions of ground particles [29].
Tracer particles to monitor electro-osmotic ﬂow are also known [30,31]
in a capillary format whereby one or both of the opposing walls of the
capillary are the surfaces under test and the surface zeta potential
is back calculated from the ﬂowproﬁlewithin the capillary. The stream-
ing potential technique typically requires a specialist instrument
dedicated solely to such measurements and with the exception of
Hoggard et al. [25], careful sealing of the sample to the sample chamber
to a level required to tolerate the higher pressures required for the
technique—typically a few atmospheres. Capillary ﬂow and dispersed
particles require that the sample material is in a particular format
often inconvenient to prepare. Capillary tracer systems also require
careful sealing of the test surface to the optical parts of the capillary
which is not always possible for smaller samples or non-trivial for
samples that have signiﬁcant surface roughness or porosity. Further,
depending on the orientation of the capillary, the tracer particles have
also been known to sediment causing a change in the surface potential
of the bottom plate, on which they collect [30].
Two novel approaches have recently been reported which are step
developments in this area, and render direct measurements possible
on real surfaces in a simple, rapid and affordable way. Firstly Sides
et al. has devised a unique approach termed “Chemical Mechanical
Planarization” (CMP)where a 25mmdiameter disc comprising the sur-
face under test is mounted on a rotating spindle close to one of the two
electrodes in this system, as outlined in Fig. 4a [32]. The rotation of the
disc engenders boundary layer ﬂow in its vicinity, which convects un-
balanced ionic charge in the diffuse part of the double layer adjacent
to the sample. The radial ﬂow of ionic charge is a two dimensional
sheet of streaming current, with characteristic thickness equal to the
solution's Debye length, that ﬂows radially outward from the axis.Fig. 4. (a) Schematic of the streaming potential experimental apparatus. Electrolyte surrounds
rotation rate raised to the 3/2 power on a silicon wafer. The solid circles are experimental me
line is a least-squares ﬁt of the experimental data. The measurement was made on the disc ax
potential calculated from theory using the slope of the line is−146 ± 1 mV.
Reproduced from reference [33] with permission.This surface current is positive if the zeta potential is negative, and
vice versa. The surface current undergoes a transition from convective
current to ohmic current at the periphery of the sample. The ohmic
current ﬂows back towards the axis through the solution to complete
the circuit. The key insight was to place one reference electrode near
the sample at the axis and the other reference electrode near the sam-
ple, Sides et al. solved the theoretical problem relating the measured
streaming potential to the zeta potential of the solid sample, in terms
of the streaming current as;
ζ ¼ IZ
ﬃﬃﬃ
η
p
2αεOεr
:
1
Ω3=2
ð3Þ
where εo and εr have their usual meaning, α is a constant equal to
0.51023, Iz is the experimentally determined streaming current, Ω is
the angular frequency and η is the kinematic viscosity.
Now commercially developed into an instrument referred to as the
“Zetaspin”, themounted disc (25mmdiameter) is inserted into an elec-
trolyte solution, and spun at a controlled angular velocity, and the sur-
face zeta potential is derived from a series of measurements at
increasing angular frequency as described in Fig. 4b. If the zeta potential
of the solid is approximately 100 mV, the concentration of the solution
is 1mM, and the rotation rate is 4000 rpm, onemeasures a few hundred
microvolts of streaming potential. In his doctoral thesis work, Hoggard
compared the steaming current measurements of zeta potential of sili-
con wafers in salt solutions up to 10 mM KCl and that these agreed
with other published values, (25 and references therein). Most recently
Sides and Prieve have derived analytical solutions, validating this ap-
proach for complex and particularly porous surfaces [33].
Secondly, and more recently, Corbett et al. have devised a method
which is applied in a standard Malvern Zetasizer Nano where, using
tracer particles, a series of measurements under electro-osmotic ﬂow
conditions enables the determination of the surface zeta potential of a
piece of material 4 mm × 5 mm in area [34]. This route, referred to as
“electro-osmotic ﬂow mapping (EFM)” relies on a simple Uziguris [35]
(dip) cell arrangement for the measurement of the surface zeta poten-
tial of a single test surface plate or block placed between the electrodes
of the cell. Unlike Streaming methods, no sealing is required allowing
the measurement of fragile surfaces, the sample is held in such a way
that sedimenting tracer particles fall away from the surface under test.a disc attached to a rotator spun at various rates. (b) Streaming potential as a function of
asurements made in an aqueous KCl solution with a conductivity of 1.45 ÌS/cm. The solid
is 1 mm from the disc surface. The rotation rate was varied from 0 to 2000 rpm. The zeta
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particles dispersed within the electrolyte, is detected using phase anal-
ysis light scattering so nomodiﬁcation to standard equipment is neces-
sary apart from the sample environment cell [34]. Careful selection of
tracer particles and concentration, combined with the efﬁciency of
equipment based around avalanche photodiodes implies that concen-
trations of tracer particles can be reduced to levels where their interac-
tionwith the surface under test is negligible. Tracer particles comprised
of polystyrene latex in pH 9 buffer (Borax/HCl) were used in this work
and extended measurements proving this assumption are found in
[34]. This method relies on being able to characterise the ﬂow ﬁeld in
the half space outside the slipping plane, and in practice is mapped at
displacements (yi) of the order of 100s of microns from this. Applying
the linearized Navier–Stokes equation and taking into account the rele-
vant boundary conditions the ﬂuid ﬂow at the boundary, veo, (i.e.) slip-
ping plane is given by
v y; tð Þ ¼ veo1−erf y
2
ﬃﬃﬃﬃﬃ
kt
p
 
ð4Þ
where erf is the error function. For water at 25 °C the term in square
brackets in Eq. (4) disappears at y ≥ 750 μm for t ≥ 75 ms or
y ≥ 1.5 mm for t ≥ 300 ms. Time intervals of this magnitude are typical
for monitoring electrophoretic motion using PALS and adjustment ofa
c
b
Fig. 5. (a) The sample surface mounting and the dip cell. (b) The measurement positions at di
position yielding the y-axis intercept and thence the surface zeta potential, Eq. (6), (d) A titrat
Reproduced from reference [34].the surface under test with respect to the detection optics is easily
achieved within these distances with a micrometre stage. Therefore, a
ﬁt of Eq. (4) to measurements of vi(yi) at various points yi can then be
extrapolated to the y-axis intercept to yield
veo ¼−Interceptþ vep: ð5Þ
The relationship between the surface zeta potential, ζ, and veo is then
given by [34]:
veo
Ex
¼ εζ
η
ð6Þ
where Ex is the electric ﬁeld strength, and ε the electrolyte relative
permittivity of the electrolyte. This is the basis of the technique. In the
following ﬁgure the inset photograph details the exact test surfaces
which can be used, and the positions of the measurements required
are described in Fig. 5b. Themeasurement strategy consists of ﬁvemea-
surements in the region 125 μm to 625 μm in 125 μmsteps and a further
measurement at 1000 μm in order to estimate the tracer velocity. The
measurement at 1000 μm is taken at a ﬁeld reversal frequency of
10 Hz, Fig. 5a, in order to avoid the transmission of ﬂuid motion from
the surface out to this distance [36,37].d
splacement yi, from the test sample surface. (c) The tracer velocity at each measurement
ion series of measurements of pH for a PTFE test surface.
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variation of PTFE obtained using this approach and compares with the
published literature derived from streaming potential and capillary
electrophoresis. The data in Fig. 5c are all in good general agreement
with streaming potential, dispersed particles and capillary electro-
osmosis at all pH values tested in the region of the iso-electric point
(IEP). There is less agreement at higher pH values but this appears to
be a general feature of all techniques. For the dip cell data we note
that we expect the surface potential to saturate at high (and low) pH
as all available surface charge groups are ionised. Looking at the
error bars in Fig. 5d, no trend between the uncertainty and pH exists
with a typical uncertainty of±2–3mV. In relatedwork, some initial sur-
face potential measurements of freshly cleaved Mica in borate buffer at
pH 9.0, using a carboxylated polystyrene latex tracer (Invitrogen LDC)
and in 1mMKCl at pH 5.9 using silica tracer particles were measured
[18], yielding surface potentials of −102 mV ± 23 mV and
−66 mV ± 8.0 mV, respectively, in good agreement with the zeta-
spin [24,38] results of Sides et al. and the streaming potential results
of Scales et al. [39] and Nishimura et al. [40]. These simpliﬁed formats
extend the applications, the low volume sample presentation being
particularly attractive for high value studies, e.g. medical devices
and skin care. Most recently Anderson allied the EFM technique
with standard DLS and computer modelling in order to study the in-
teractions of nanoparticles with natural rock surfaces [41]. The infor-
mation derived is being used to describe the trapping and release
processes which take place as particle laden groundwater passes
through sedimentary rocks. In addition the Armes group are utilising
the technique to study the stimulus-responsive behaviour of poly-
mer brushes, a promising route to creating biocompatible non-
fouling surfaces [42,43]. Most recently Corbett et al. [44] has report-
ed measurements of the surface zeta potential of both ﬁlter paper,
with an iso-electric point near to pH 2, highly reproducible from
sample to sample, typical of a manufactured item and porcine epider-
mis, with an iso-electric point near to pH 8, but with a more variable
iso-electric point from samples taken from various parts of the animal,
using EFM LDE.
This surface variant of LDE is a fast moving area. The key advantage
over classical methods is the simple gentle sample presentation, and
combined with experimentally reproducible environments will enable
studies of many surfaces, especially those regarded as fragile, not to
mention quantiﬁcation of the electrokinetic effects of the adsorption
of polymers and surfactants onto surfaces.
2.4. High concentration and acoustics
2.4.1. Introduction
Traditionally the measurement of electrophoretic mobility by Laser
Doppler Electrophoresis has required samples to be optically transpar-
ent, in many cases enforcing dilution. Although it is possible to dilute
and control the electrolyte conditions in an attempt to preserve the
colloidal state there is a strong desire, particularly from Industry,
e.g. paints, emulsions, and laundry products, to be able to measure
the surface speciﬁc charge in the concentrated state. In order to mea-
sure samples at or close to their native concentrations a number of
challengesmust be considered: The ﬁrst is to account for the low optical
transmission and complications introduced by multiple photon
scattering associated with optically dense materials; the second is the
interpretation of themeasured value ofmobility and its relation tomea-
surements made on dilute systems.
It should be mentioned that the measurement of concentrated col-
loidal dispersions is an established application area for acoustophoresis,
and a complete review of acoustic methods featuring measurements in
solutions up to 50% volume fraction was recently published by Dukhin
[45,46].
There are by comparison relatively few studies using the Laser
Doppler technique due to severe technical and theoretical challenges.Nevertheless the use of LDE on concentrated dispersions is of interest
because of its simplicity and versatility. It is also pertinent from the
manufacturing and quality control viewpoints discussed in the
introduction.
The main approach to facilitating measurements by LDE is to mini-
mise the optical path length of the test solution, which minimises the
problems due to low light transmission and multiple scattering. The
other is to use an increased laser power combinedwith efﬁcient sample
cooling, an approachwhich has also approached commercial realisation
[4]. Here we discuss electrophoretic mobility measurements made on
high concentration turbid samples using precisely these approaches,
and compare the data obtained against a number of theoretical models
which attempt to account for the effects of high concentration.
2.4.2. Experimental
The reduced optical path length was achieved using an engineering
solution available on most production zeta potential machines. In the
example herein, it was the dedicated high concentration ZEN1010 cell
from Malvern Instruments [4]. Two samples were measured in this
study: Firstly a titanium dioxide (Anatase) sample prepared in 10 mM
NaCl at a range of concentrations (0.001 to 0.3% w/v). Particle dilution
in an indifferent electrolyte, NaCl, ensured that any changes in the
zeta potential values obtained were not due to speciﬁc adsorption. Sec-
ondly a polyurethane dispersion at 40% w/v concentration (Baxenden)
prepared at a range of concentrations in 5% v/v triethylamine to conduct
experiments using the same criteria as described previously [47].
2.4.3. Results
Fig. 6a and b shows the variation of zeta potentialwith concentration
for the TiO2 and Polyurethane dispersions respectively. The polyure-
thane data are shown as mobility to aid clarity. In both cases the form
of the curves is very similar, and the mobility appears to rise at some
critical point depending on the particle size, surface charge density
and phase volume. This highlights the very reason why mobility mea-
surements are normally carried out in very dilute solution.
The zeta potential data for TiO2 shown in Fig. 6a, are consistent
over a wide range of sample concentrations. The results obtained
over the 0.001 to 0.15% w/v have a mean value of−48.9 mV with a
standard deviation of 2.5 mV, although as the concentration increases
above 0.175% w/v, the zeta potential values become less electro-
negative. There are several reasons for the reduction at higher concen-
tration namely:
i. The detected light being biassed by scattering from particles close to
the cell wall, rather than the centre, of the cell where they have
reduced mobility due to osmotic affects.
ii. Dielectric effects of the particles upstream of the measurement
region which would dampen out the effective applied electric ﬁeld.
iii. Repulsive interactions, not electrostatic but more a “crowding” phe-
nomenon where the phase volume occupied by each particle limits
the extent to which the particle is free to move until it experiences
restriction by the next particle in the system.
The polyurethane dispersion used in this study is ideally suited for
looking at the inﬂuence of concentration on the electrophoretic mobility
due to the particle size of around 50 nm, lowpolydispersity and small re-
fractive index contrast. Fig. 6b shows the electrophoretic mobility values
obtained as a function of sample concentration. The values obtained at
low concentrations are consistent (around−4.0 × 10−8 m2 V s−1) but
above 10% w/v there is a gradual decrease in the measured electropho-
retic mobilities.
2.4.4. Comparison of high concentration experimental results with theory
There are relatively few references which discuss concentration
dependence on electrophoretic mobility and even fewer exist that
Fig. 6. (a) Zeta potential (mV) as a function of sample concentration (% w/v) of TiO2 dispersed in 10 mM NaCl. (b) The electrophoretic mobilities (m2 V s−1 × 10−8) measured for the
polyurethane dispersions as a function of sample concentration (% w/v). (c) Zeta potential values (mV) calculated as a function of sample concentration (% w/v) using (i) the viscosity
values of water and (ii) the Anderson relationship. (d) Reported mobility as a fraction of the dilute limit for both the polyurethane data and the Ohshima–Levine–Neale model.
Reproduced from reference [47].
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[47,48]. The two primary models are those of Anderson which relies
on a statistical description of particle–particle interactions at themicro-
scopic level [49] and Ohshima [50] who, working on mercury droplets,
provided an analysis for low κa conditions using established models
[51,52]. The Anderson relationship between the electrophoretic mobility
μ at volume fraction φ and the mobility at inﬁnite dilution, μo is given by
μ
μo
¼ 1−0:32φ
1þ 0:68φ : ð7Þ
The electrophoretic mobility values obtained for the various sample
concentrations can therefore be “corrected” using this relationship.
Fig. 6c shows the apparent zeta potential derived from the data in
Fig. 6a using Smoluchowski's equation [48], and also the same calcula-
tion but applying the Anderson correction. The Anderson approach
appears to be experimentally valid in this instance up to a solution con-
centration of 10%w/v but above this concentration the particle–particle
correction alone is insufﬁcient.
Considering the data in Fig. 6b and the ﬁt to the data shown in Fig. 6d
using the approach of Ohshima [50], the calculated value for κa is
approximately 5. It is only a coincidence that the data appear to ﬁt the
data for κa = 2.5 curve above 10% concentration. In harmony with the
Anderson approach, the data in Fig. 6d, show a signiﬁcant deviation of
the data from the κa=5 curve at about 7% concentration. It is important
to note however, that despite the discrepancies between data and
model above concentrations of 10%, the small particle size and low
refractive index of this sample mean that the measured change inmobility can, in this case, be taken as real and not an artefact of themea-
surement technique.2.4.5. Discussion and conclusion
The results presented conﬁrm that high concentration zeta potential
measurements of samples up to 40% w/v can be made using light
scattering techniques when a suitable optical conﬁguration is used.
The accuracy of the values obtained can really only be veriﬁed exper-
imentally as each accepted theoretical approach deviates from experi-
ment at a phase volume exceeding 10%. The maximum measureable
concentration of a sample will depend on the mean particle size, the
polydispersity of the size distribution and the optical properties. The re-
sults obtained often show a concentration dependence and such trends
need to be carefully understood and interpreted. For both of the sample
types discussed in this paper, the electrophoretic mobility results show
a gradual decrease as the sample concentration increases. However, this
trending in the electrophoretic mobility data occurs for different
reasons for each sample. For the titanium dioxide measurements, the
reduction is an optical effect due to the increasing turbidity of the sam-
ple which results in an increase in the obscuration of transmitted light.
For the polyurethanedispersions, the trend is not due to anoptical effect
as the intensity of scattered light being detected is still very high even at
the 40% w/v concentration.
From the results obtained in this study, it can be concluded that zeta
potential values obtained at high concentrations using LDE should be
used in a relative, not absolute, sense. If the true zeta potential value
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of concentrations to identify a region where the zeta potential results
obtained are independent of concentration. For these experiments, the
dilution protocol is pivotal to ensuring that sample conditions are kept
constant. However from a production or quality point of view consistent
accurate measurements are valid, possible quick and convenient.2.5. In-situ measurements of electrophoretic mobility using Laser Doppler
Electrophoresis
2.5.1. Introduction
Real-time and on-line monitoring of physical parameters, such as
particle size and electrophoretic mobility, is of primary interest in auto-
mated and semi-automated processes such as wet milling, chemical re-
actors and colloidalmanufacturing and plant control systems in general.
These systems often combine highﬂow throughput and high concentra-
tions, especially in colloidal applications, making measurements based
on light scattering challenging. Not least is the requirement to operate
on a 24/7 basis, and so whatever measurement system is implemented
must be robust. In the past this would have been impractical but recent
instrumentation developments such as ﬂow control and response to ex-
ternal triggers have rendered these as very real options, and are an area
of future growth for the technique. In this section we discuss two very
different applications. The ﬁrst is the measurement of electrophoretic
mobility on a concentrated, continuously ﬂowing system [53]. The sec-
ond is an on-line continuous process control system on a water treat-
ment plant [54].Fig. 7. Zeta potential of (a)−50 mV latex, (b)−5 mV latex. In each panel—mean value in bot
water vs dosage of ﬂocculant (ppm). (d) Section of water treatment control chart showing var
Reproduced from references [53] and [54].2.5.2. Electrophoretic mobility at high concentration in ﬂow
We ﬁrst demonstrate the measurement of polystyrene latex in ﬂow
to demonstrate the viability of ﬂowing measurements [53]. The ﬂow
characterisation of the cell was based on the mobility measurement of
polystyrene latices prepared to have surface potentials of −50 mV
and−5 mV. The particle zeta potentials were monitored as a function
of ﬂow rate. The results are shown in Fig. 7 sections (a) for the
−50 mV latex and (b) for the−5 mV latex. The solid line plot in each
panel is the mean value in the lower set and the mean standard devia-
tion in the upper set.
As can be seen from Fig. 7a and b the error in the reported value in-
creaseswith ﬂow rate and for the−50mV sample there is a slight trend
to smaller zeta potentials. With regard to the effect of concentration,
Coffeemate™ was studied (at pH 4). The mobility as a function of
concentration was measured and the upper limit for this sample
(approximately 300 nm in size) is about 0.5% solids. Further work
with a 135 nm radius colloidal silica (HS40) showed excellent quality
data at 1% and sowemight expect far higher concentrations to bemea-
surable in the forward scattered direction at smaller sizes still. The tech-
nique was tolerant of ﬂow rates of up to 10 ml/min for particles below
200 nm increasing to 325 nm at 1 ml/min and where the uncertainty
in low values of electrophoretic mobility increases. This uncertainty
can be reduced back to acceptable values by increasing the integration
time.
2.5.3. In-line electrophoretic mobility at low concentration in ﬂow
In order to ensure that water puriﬁcation processes eliminate harm-
ful organic, inorganic and bacterial contaminants to meet potable watertom curve set, standard deviation in top curve set. (c) Zeta potential (mV) and turbidity of
iation of the zeta potential (mV) and turbidity due to seasonal input water variations.
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employed. One particular process is the use of positively charged addi-
tives such as aluminium sulphate, cationic polymers and other cationic
moieties to ﬂocculate contaminants which are too small to sediment
naturally [55].
Traditional “jar-tests” used to monitor the ﬂocculation process are
time and labour intensive and inherently subjective. Turbidity tests
are also used but have little predictive power and again are labour
intensive. Zeta-potential measurements on the other hand allow a
real time and objective assessment of the colloidal stability of the
particles that are being ﬂocculated, and so allow optimal coagulant
dosing to be monitored and maintained. In contrast with the previ-
ous application this is in once sense an ideal application for laser
Doppler Electrophoresis: the sample is dilute, well controlled and rela-
tively pure. Nevertheless the real time, on-line nature of the process
means that the measurement has to be carried out with minimal oper-
ator intervention or assistance, with continuous 24/7 uptime, and in an
environment hostile to laboratory instrumentation.
In thewater industry, zeta potential has been used formany years to
determine coagulant dosages [55]. As part of this particular case study
extensive pilot studies using laboratory measurements of zeta potential
as an off line monitoring tool were carried out before attempting to
move to an online monitoring tool. In Fig. 7c it can be seen that whilst
turbidity corroborates the zeta potential results in determining optimal
dosage conditions, the zeta potential measurements provide greater
predictive power in determining the dosage end point. For example, if
the dosage exceeds the optimal end point, the turbidity increases as
the ﬂocculating agent reverses and increases the charge on the contam-
inatingmaterial and restabilizes these particles in thewater. Fig. 7d pro-
vides a view of a facility control chart collected over a period of an entire
year in order to demonstrate how the turbidity and zeta potential ﬂuc-
tuate due to seasonal input water ﬂuctuations, and hence the need to be
able to adjust the ﬂocculating agent dosage as the quality of the input of
the raw water varies [56].
Following these trials, the measurement was integrated into the
water puriﬁcation process, taking water from a sample loop of the pro-
cess line. The system was found to be reliable, producing useful opera-
tional data. It was more robust, more sensitive and more informative
than alternatives such as streaming current detectors and the measure-
ment frequency allowed rapid responses to process changes. Indeed not
only did the use of on-line zeta potential reduce coagulant usage by
around 17%, but it provided diagnostics which led to realisation that a
rapid mixing plant installed to stimulate ﬂocculation had actually
been detrimental to coagulation, and the process was further optimised
by its removal [54].
This serves as a real live demonstration that with robust reliable in-
strumentation and a little creativity themeasurement of electrophoretic
mobility by LDE is being used to control dosing in potable water, with
clear beneﬁts in terms of cost saving, environmental impact and energy
demand.Table 1
Classiﬁcation of liquids according to their relative permittivity (εrs).
Reproduced from reference [68].
Relative
permittivity
(εrs)
Classiﬁcation Comments
≤5 Non-polar The concept of electrolytes almost completely
dissociated loses its meaning
5 to 12 Weakly
polar
Little, if any, electrolyte dissociation
12 to 40 Moderately
polar
Electrolyte dissociation is incomplete i.e. the
concentration of charged species may be lower
than the corresponding electrolyte concentration
N40 Polar Dissociation of most dissolved electrolytes is
complete and all equations concerning EDL or
EKP remain unmodiﬁed2.6. Non-aqueous zeta potential determination by LDE
Non-aqueous zeta potential is of considerable interest in a num-
ber of applications including pharmaceutics, paints and coatings,
ceramics and agrochemicals [57–59]. The ability of colloids to dis-
sociate in partially-aqueous media and to form charges is a com-
plex process. Ionic liquids are an area of increasing importance
and one recent example in this ﬁeld is the work of Javadian [60]
where zeta potential measurements were used to differentiate be-
tween the interaction of SDS with ionic liquids formed from two
different alkyl chain lengths. In this section we attempt to describe
the challenges and potential for LDE as we describe recent work on
carbon black particles by two groups: Xu et al. [61] and Kaszuba
et al. [62].2.6.1. Charging mechanisms in non-aqueous liquids
For aqueous colloidal suspensions, the mechanisms for surface
charge generation are well understood and documented [63]. However,
for non-aqueous solvents, the mechanisms by which surface charge is
generated, the structure of the electrical double layer and the meaning
of the hydrodynamic plane of shear are not well understood and have
not been widely studied [63]. Possible charging mechanisms in non-
aqueous media include the presence of trace water in the solvent
[64–66] acid–base interactions between a charging agent and the parti-
cles [67,68], acid–base or Lewis acid–base interactions between the sol-
vent and the particles [68–70] and the presence of impurities in the
solvent.
The value of the relative permittivity (εrs) of the dispersion medium
will determine the dissociation of any electrolytes contained in it. For
non-aqueous solvents, the εrs valueswill be lower than forwater. All liq-
uids can be classiﬁed as either non-polar, weakly or moderately polar
leading up to polar as according to their relative permittivities (see
Table 1) [68].
For liquids classiﬁed as non-polar (εrs b 5), special types ofmolecules
may dissociate to some extent but will only occur for electrolytes that
contain ions of very different size. The amount of re-association is
small because the charge on the larger ion is distributed over a larger
area.2.6.2. Experimental considerations
The measurement of the zeta potential of non-aqueous suspensions
is challenging. Even though there are many commercial instruments
that can be used to measure zeta potential, not many can be used to
study non-aqueous suspensions. The electrophoretic mobility of parti-
cles is directly proportional to the relative permittivity of the dispersion
medium and hence for non-aqueous dispersants, the mobilities and
hence frequency shifts will be very small. Thankfully phase analysis
light scattering (PALS) has extremely high sensitivity (10−12 m2/V s)
suitable for the detection of very small particle velocities and has been
shown to be very suitable for measuring electrophoretic motion in
non-aqueous suspensions [70,71]. In addition, an appropriate measure-
ment cell must be used capable of producing high ﬁeld strengths. A typ-
ical cell used for non-aqueousmeasurements is a dip cell which has two
electrodes that are positioned closely together [33], in order to generate
high ﬁeld strengths at low voltages. However, if the applied ﬁeld is too
high, adverse effects such as heating, turbulence, particle charging
effects and non-homogenous ﬁelds can occur. Pragmatism therefore
dictates that the setting of the applied voltage should start at a low
value. If repeatable results cannot be obtained, then the ﬁeld should
be gradually increased until satisfactory results are achieved. If
samples in different liquids are to be measured, a thorough cleaning
of the sample cell and electrodes is required to avoid any cross
contamination.
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Carbon black nanopowders are widely used in many industrial
ﬁelds, including ink, paint, and coating applications, asphalt sealants
and decorative concrete colourants, textiles and conductive/resistive
applications. In both dry powder andwet suspension, carbon black par-
ticles exist as aggregates due to their surface morphology. Even though
many carbon black applications are in aqueous suspensions, there are
several in which the carbon black has to be dispersed in non-aqueous
media. There has beenmuch effort spent,mostly based on empirical for-
mulation, in ﬁnding the best medium to disperse carbon black particles
to minimise the presence of aggregates. For different dispersion media,
besides themolecular structural differences, one parameter that relates
the charge transfer capability, and therefore the surface charge of
dispersed particles, is the dielectric constant. A systematic way to ﬁnd
the best medium for the dispersion of carbon black particles is to
measure its zeta potential, as well as its particle size in media of various
relative permittivities. This has been systematically investigated by
both Xu et al. [61] and by Kaszuba [62]. A carbon black powder with a
speciﬁed size distribution of 0.03–0.2 μmwas dispersed in the following
organic solvents: toluene, decane, chloroform, trichloroethane, tet-
rahydrofuran, butan-2-one and propan-2-ol. Where the dispersions
achieved were sufﬁciently stable, measurements were performed
on a Malvern Zetasizer Nano ZS in conjunction with a universal dip
cell accessory [4]. The carbon black standard test powder used in this
study was JIS Z 8901 obtained from the Association of Powder Process,
Industry and Engineering, Japan and dried overnight in an oven prior
to use. Powders were dispersed in solvents at 0.1% w/v concentration
by bath ultra-sonication for 3 min, then left overnight prior to being
measured. The solvents used were pure and obtained fromWako and
Nacalai Tesque Japan and had relative permittivities ranging from 4.8
to 19.2 respectively. At least three repeat zeta potential measurements
were made on each sample. In addition, particle size measurements
weremade using the dynamic light scattering capability of the Zetasizer
Nano ZS in order to conﬁrm the colloidal state of the particles, and in
both instances measurements were made at 25 °C.
Fig. 8 summarises the zeta potential and particle size measure-
ment results obtained from the carbon black powder dispersed in
media with different relative permittivities. Measurement results
could not be obtained in the pure solvents with the lowest relative
permittivities (toluene = 2.4 and decane = 2.0) since the disper-
sions were unstable and the carbon particles aggregated and
sedimented overnight in these non-polar solvents. For the other sol-
vents, data are displayed using relative permittivities as the ordinate,Fig. 8. The variation of the zeta potential and intensity-weightedmean diameter of carbon
black nanopowder dispersed in a variety of non-aqueous solvents with different relative
permittivities.
Reproduced from reference [62] with permission.where the measured electrophoretic mobilities were converted
into zeta potentials using Hückel's approximation. The sizes reported
are the intensity-weighted mean diameter as deﬁned in ISO13321 [72,
73]. Two media with the same relative permittivities were used;
trichloroethane and tetrahydrofuran and these produced oppositely
charged zeta potentials. The halogenated solvents used in this study
(chloroform and trichloroethane) resulted in positive zeta potential
values which suggests that the carbon particle charge arises through a
Lewis acid–base interaction between the particle surface and the
solvent.
The data in Fig. 8 indicate that, in this case, optimising the dispersion
in non-aqueous media is related to the relative permittivity and the
Lewis acid base character of the solvent. The size and zeta potential in-
formation contained in Fig. 8 allows optimumdispersants for the carbon
black powder to be selected. Stable suspensionswith small particle sizes
were achieved in chloroform, tetrahydrofuran, butan-2-one and
propan-2-ol where the intensity-weighted mean diameters were be-
tween 240 and 330 nm respectively. These low size values were associ-
ated with signiﬁcant zeta potential means (both negative and positive
in sign) suggesting that simple electrostatic stabilisation mechanisms
can exist in non-aqueous solvents.
The results summarised here show that it is possible to obtain re-
peatable values of zeta potential and size measurements in non-polar
solvents which can be used to predict the dispersion stability of these
carbon black samples.3. General summary
The technique of Laser Doppler Electrophoresis has moved on be-
yond the traditional laboratory environment and is ﬁnding ever-
increasing applications, including in-line and alongside line in process
control contexts. Although the actual means of determining mobility
using LDE has not changed much, these are exciting times in that good
instrumentation and sample environment, combined with high quality
method development all combine to form a robust platform enabling
new science and stronger engagement with industry. The improved ac-
cessibility of the instrumentation and the interface enables measure-
ments and in general both industrial and academic users are asking
questions which require the fundamentals of the instrumentation and
its capabilities and limits to be better communicated and under-
stood. The number of yearly publications featuring LDE has increased
signiﬁcantly, doubling to ~1300 over the last several years and in-
creased utility within industry is evident. Particular areas of growth
are biomedical, drug delivery, fast moving consumer goods, engineered
nanoparticles, toners and printing technology. Developments in print-
ing technology represent a signiﬁcant growth area for non-aqueous
applications.
In terms of ability to study surfaces advances in LDE instrumentation
accessories have rendered the study of surfaces evenmore relevant and
increasingly real, e.g. skin, fragile and high value. These real surfaces are
relevant to a diverse variety of industries; home & personal care, paints,
coatings, minerals, medicine and pharmaceuticals. Limited application
is possible within a highly concentrated environment, and ﬁnally
there are live in-line and at-line applicationswith signiﬁcant growthpo-
tential, and these latter instances of LDE are particularly important for
environmental, cost-saving, responsible dosing and conservation of
planetary resources.Acknowledgements
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